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EXPERIMENTAL TECHNIQUE

THE INFLUENCE OF SUCTION ON ENERGY DISTRIBUTION

Measurements were carried out in the apparatus

IN FULLY ESTABLISHED TURBULENT PIPE FLOW

shown in Figure 1 consisting of a precision glass tube
M. Schildknecht

5 centimerers in diameter having a length of 180 dia

J. A. Miller*

meters.

G. E. A. Meier

nozzle having a contraction ratio of 120.

Max-Planck-Institut fur
S t romungs f ors chung

Reynolds Number was maintained at 17,250 and a circum

This channel was fed from a plenum through a
The pipe

ferential trip at the inlet ensured fully established

D 34 Gottingen

turbulent flow at the test section.

Germany

Reynolds Number

as well as friction velocity, U T , were inferred from
pressure drop and impact pressure measurements in the

ABSTRACT

smooth pipe section immediately upstream of the porous

The influence of suction on the structure of tur

test section.

Suction was introduced by means of a

bulence in fully established pipe flow has been experi

tube fabricated from porous tin plate formed over a

mentally investigated.

mandrel 5 centimerers in diameter.

Extensive hot-wire measure

Holes in the wall

were 0.06 m m in diameter; the resulting dimensionless

ments indicate major alterations in the turbulent
energy distribution, particularly in the wall layers

diameter,

result from mild suction rates, less than 5 percent

wall

of the mean

of 2.2 diameters.

mass flow.

(9).

(dUT/ v), of 1.2 leads to behavior as a smooth
The porous section had an effective length
Uniform wall suction was ensured

through the use of a large circumferential plenum

INTRODUCTION

around the porous tube containing very dense baffling to
The influence of boundary layer suction on transi
tion, separation and heat transfer rates has long been
recognized and is the subject of numerous experimental
(1-5)**, and theoretical

(6,7), investigations.

minimize wall pressure drop as a fraction of total system
pressure d r o p . Suction rate was measured with calibrated
rotameters.

Un

fortunately previous workers have concerned themselves
principally with the influence of suction on the b e 
havior of macroscopic properties and offer no insight
into the effects on the turbulent structure itself.
Rotta (8) however has addressed the question of
the influence of suction on the turbulent energy
balance in a theoretical investigation of flow over a
flat plate, and attempts to estimate the magnitude of
the various terms in the turbulent energy equation. The
initial motivation for this work was the authors hope
that they would be able to create a controlled perturb
ation on the structure of turbulence in a fully estab
lished pipe flow and through observation of the relaxa
tion of that perturbation gain an insight into the
mechanism of establishment of equilibrium turbulent

Hot-wire anemometry was carried out with Disa Type
55D bridges and linearizers.

All of the probes were

fabricated by the technicians of the Max-Planck-Institut
using 3 ymm tungsten wires having an active length of
0.6 mm.

The traversing mechanisms were constructed from

components manufactured by Spindler and Hoyer for optical
bench application and permitted positioning of probes with
an estimated accuracy of 0.01mm.

Provision was made to

allow two separate probes to be moved independently in the
axial (x), radial (r), and peripheral (♦), directions
enabling x, r and <f>-wise gradients of the fluctuating com
ponents and their moments to be measured directly.

Hot-wire

output signals were processed using standard analogue tech
niques to obtain the required time-average values of the
fluctuating components and their moments. A high pass
filter was used to establish a lower bound of 0.5 Hz in the

structure.
analogue signal processor; the upper frequency response
The present work is directed at the same question
and attempts to gain insight into the mechanism of such
flows through direct hot-wire measurements of the

of the system exceeded the highest detectable components of
the turbulent spectrum. Overall system calibration was
carried out in situ using the square wave technique.

quantities appearing in the turbulent energy equation.
RESULTS
♦Present address Naval Postgraduate School, Monterey,
CA 93940
♦♦Numbers in parentheses refer to the Bibliography
appended.

To gain a feeling for the effects of suction rate
on the flow, a preliminary investigation was made with
suction rates between 0 and 13 percent of the inlet
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mass flow rate.

The axial velocity profiles and

(3)

Dimensionless gradient diffusion rate of

Reynolds stress distributions were measured at the
exit plane of the porous wall section.

turbulent energy:

From the

velocity profiles, shown in Figure 2, it is apparent
that an increase in suction rate tends to make the
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profiles more rectangular since the wall layers becoi" -
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accelerated and the outer layers decelerated by fluid
extraction at the walls
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At the two largest suction

rates the fluid extraction was sufficient to produce
(4)

an Inflection in the velocity profiles at about
r/D - 0.4.
Rotta, (8).

Dimensionless turbulent kinetic energy
diffusion rate:

Similar results have been reported by
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The effect of suction on Reynolds

D

stress distribution is reported in Figure 3 and is
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materially alter the mean flow, while at the same
time producing a measurable effect on the turbulent
structure, a suction rate of 4.11 percent of the
Inlet mass flow was chosen for the remaining
experiments.
The balance of the investigation was devoted to
finding how the distribution of turbulent energy was
affected by suction.

If we examine the turbulent

energy equation for axially symmetric flow:
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In which w e h ave nondimensionalized lengths with the
diameter, D, and velocities with the friction velocity
U T , w e have a large number of terms which we may catagorize physically into:
(1)

Dimensionless turbulent energy production:
(5)

That portion of the dissipation rate of
turbulent energy that could be directly
measured:

(2)

Dimensionless turbulent energy convection:
DISK
« l r -)2 *
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The remaining terms of Equation (1) con
sisting of the dissipative terms that could

= CONV

not be directly measured as well as those
terms containing the fluctuating components
of pressure:
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show
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excellent agreement with the earlier measure

ments of Laufer (10) and the more recent measurements

. ,3w’ 2 1 ,3V* 2
1 3 -u'P\
+ ( 3 ^ ) + P ’ (3 T ) + v 3 ^ ( p >

of Eckelmann (11).

The classic measurements of

Reference (10) depart in some cases from the present
measurements and those of Reference (11) close to the

+^ lF (r ^

+ ^ < 1 f> > SR

wall, however in these layers Laufer has estimated his
uncertainty at 30 percent.

Thus Equation (1) may be recast in the form:

The distribution of turbulent energy across the
section at entrance and exit planes is plotted in

PROD + CONV + GDIF + DIF + DISM + R = 0

(2)

Figures 9 and 10.
x/D = 0 ,

For the fully established case,

the results are in excellent agreement with

The first four terms in Equation (2) were calcu
the results of Laufer (10) except very close to the
lated directly from measurements of the various
wall as noted above.

fluctuating velocity components and their moments.

In Figure 8 the cumulative

effects of suction are seen and as one might expect

Spatial gradients in the r and <j» directions were ob

the greatest change is in the rate of convection of
tained from finite difference measurements of these
turbulent energy which has been substantially aug

quantities using the differential traversing mechanisms

mented by the radial velocity component.

Note also

described above, coupled with a second order extrapola
that the "Remainder" term; R, has been substantially
tion function.

Gradients in the x-wise direction were
reduced.

made using the Taylor hypothesis:

In general the distribution of turbulent

energy at the exit plane is similar to that at entrance
3
3 3t
1 3
3x " 3t 3x " U 3t

/o\

with the absolute values of the various terms reduced

K '

by about 50 percent.

and analogue time differentiation.
Measured results of the effect of suction on the
axial velocity profiles at four stations corresponding
to x/D * 0, 0.503, 1.358 and 2.213 in the porous sec
tion are shown in Figure 4.

The curve at entrance,

x/D ■ 0, represents the profile of a fully established
turbulent pipe flow.

It's evident that for the small

suction rate employed major modification of the pro
file does not occur.

The measurements of radial

velocity component at a location slightly downstream
of the entrance, 0.1 <

< 0.2, and at x/D « 0.503,

1.358 and 2.213 are presented in Figure 5.

Apparently

an entrance region effect results and the rate of
fluid extraction is much greater close to the
entrance and becomes more or less "fully established"
by x/D ■ 1.358.

Bear in mind that for fully estab

lished pipe flow the radial component is everywhere
zero.

The effects of suction on the axial and radial

fluctuating velocity components are reported in Figs. 6 & 7.
The measured Reynolds stress distribution is
presented in Figure 8.

These results are typical of

the many measurements made.

They show a marked

reduction in turbulent intensity with Increased mass
removal but not the shift toward the wall of the
maxima that one might anticipate a priori.

For the

fully established flow at entrance, x/D - 0, the data
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DISCUSSION AND CONCLUSIONS
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FIGURE 2
EFFECT OF WALL SUCTION ON
MEAN A X IA L VELOCITY PROFILES

REYNOLDS STRESS
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FIGURE 5
DEVELOPM ENT OF R A D IA L VELOCITY
P R O FILES WITH SUCTION

FIGURE 4
DEVELOPMENT OF A X IA L VELOCITY
PRO FILES WITH SUCTION

FIGURE 6
EFFECT OF SUCTION ON AXIAL
FLUCTUATING VELOCITY COMPONENT
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150

FIGURE 7
EFFECT OF SUCTION ON RADIAL
FLUCTUATING VELOCITY COMPONENT
FIGURE 8
DISTRIBUTION OF TURBULENT ENERGY
IN PIPE FLOW WITH SUCTION
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DISCUSSION

suction to the wall i t would remove the layers in
which the generation terms are dominant and then we

V. Goldschmidt, Purdue U niversity: In the text, the
authors state that the required pumping power is re
duced in the presence of suction. I assume th is means

could see how these things redevelop themselves and

the power to the main blower.

the turbulent structure than just the removal of the

gain some insight into the mechanism. As i t turned
out the effect of suction was far more pervasive on

A comparison between

the pumping power to the main blower alone (in the
case of no suction) and the sum of the total power

turbulent energy-producing wall layers which the
authors had, somewhat simplemindedly, anticipated.

to both the main and suction blowers (in the presence
o f suction) would be of interest. I rather doubt we
are getting something for nothing.

As a consequence we re a lly did not concern ourselves
with the question of whether a new equilibrium state
had been established. I t is , however, our intention
to return to the question of relaxation given the
opportunity to continue the work.

M iller: The pumping power of the suction blower is
really negligible. The system could, in fact, just
exhaust to atmosphere because the pressure in the
pipe i s greater than that of the atmosphere. The
suction blower is ju st a matter of providing control
for experimental purposes.
The Reynolds number reduction is e sse n tia lly ne gli
gible. We're extracting a total of something like
3 or 4% of the mass flow, so you have a Reynolds number
reduction of 3 or 4%. On the other hand the wall
shear stress or frictio n is reduced by about 50%.
The change in primary pumping power is re a lly not
measurable because the total pipelength is nearly 200
diameters and the experiment i s carried out over just
a couple of diameters. One doesn't see any appreci
able reduction in the primary pumping power.
A recent paper by Brosh and Winograd suggests that
a length of 40 diameters i s required for a fu lly
established suction flow whereas in the present
measurements, the radial velocity distrib u tio n , which
is perhaps a better measure than the axial velocity
distrib u tio n , becomes fu lly established within two
diameters.
T. Corke, I lli n o is Inst, of Tech.: Looking at the
Reynolds stress p ro file s, i t doesn't look as i f they
have come to equilibrium yet. Therefore, can you
comment on when and i f the flow w ill come to equ ilib
rium and can you compare th is to the process of going
from high roughness elements to low roughness elements
in a turbulent boundary layer.
M iller: This investigation actually began as a probe
Into the relaxation of a perturbed turbulent pipe flow.
What we wanted to do is create a perturbation in a
fu lly established turbulent pipe flow and then watch
the relaxation. We thought that i f we applied a small
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